Cannabinoid CB1 receptors have been found in the superficial dorsal horn of the spinal cord, particularly the substantia gelatinosa (SG), which is thought to play a pivotal role in modulating nociceptive transmission. Although cannabinoids are known to inhibit excitatory transmission in SG neurons, their effects on inhibitory transmission have not yet been examined fully. In order to know further about a role of cannabinoids in regulating nociceptive transmission, we examined the effects of cannabinoids on inhibitory transmissions in adult rat SG neurons using whole-cell voltage-clamp recordings. Anandamide (10 μM) superfused for 2 min reduced glycinergic and GABAergic electrically-evoked inhibitory postsynaptic current (IPSC) amplitudes; these actions persisted for more than 6 min after washout. Similar actions were produced by cannabinoid-receptor agonist WIN55,212-2 (5 μM) and 2-arachidonoyl glycerol (20 μM). The evoked IPSC amplitudes reduced by anandamide recovered to the control level following superfusion of CB1-receptor antagonist SR141716A (5 μM). A ratio of the second to first evoked IPSC amplitude in pairedpulse experiments was increased by anandamide (10 μM). The frequencies of glycinergic and GABAergic spontaneous IPSCs were reduced by anandamide (10 μM) without a change in their amplitudes. It is concluded that cannabinoids depress inhibitory transmissions in adult rat SG neurons by activating CB1 receptors in nerve terminals. This action could contribute to the modulation of nociceptive transmission by cannabinoids.
Introduction
Cannabinoids play an important role in a variety of physiological phenomena including antinociception (for review see [1] - [4] ). Cannabinoid receptors are classified into two subtypes, CB1 and CB2, both of which are Gprotein coupled receptors [1] . When administered intrathecally, cannabinoids produce antinociception in acute pain models through the activation of the cannabinoid receptors [1] [3] [4] . For instance, applying the prototypical cannabinoid Δ 9 -tetrahydrocannabinol resulted in antinociception in the tail-flick test in adult rats [5] . A mixed CB1/CB2 receptor agonist WIN55,212-2 (WIN-2) produced a similar antinociceptive effect [6] . Such behavioral results are possibly due to the activation of the CB1 receptor in the spinal dorsal horn, because expression of this receptor has been demonstrated there by in situ hybridization [7] , agonist binding [8] and immunohistochemistry [9] - [12] . A selective CB1-receptor antagonist SR141716A enhanced nociceptive responses of rat spinal dorsal horn neurons [13] .
The superficial dorsal horn of the spinal cord, particularly the substantia gelatinosa (SG, lamina II of Rexed), is thought to play an important role in regulating nociceptive transmission from the periphery through the modulation of synaptic transmissions in SG neurons (for review see [14] - [16] ). In support of this idea, glutamatergic excitatory transmission to SG neurons through primary-afferent fibers is inhibited by various endogenous substances including opioids [17] , serotonin [18] , nociceptin [19] , noradrenaline [20] , adenosine [21] and galanin [22] which are thought to act as analgesics in the spinal dorsal horn (for review see [15] ). This idea appears to be applied also to the cannabinoid-mediated antinociception, because cannabinoids inhibit glutamatergic transmission in rat SG neurons [23] [24] . A similar inhibition of glutamatergic transmission by cannabinoids has been reported in the spinal trigeminal pars caudalis SG [25] .
Glycinergic and GABAergic inhibitory interneurons in the SG are involved in polysynaptic pathways originating in primary-afferent terminals ( [26] ; for review see [14] [16]), and probably serve to modulate nociceptive transmission [27] [28] .Consistent with this idea, the lack of GABA-synthesizing enzyme [29] and also an inhibition of K + -Cl − exporter KCC2 expression, which causes inhibitory synaptic response to be excitatory [30] , in the rat spinal dorsal horn lead to nociception. There is a difference among endogenous analgesics in modulating inhibitory transmission mediated by the interneurons. For example, noradrenaline [31] , acetylcholine ([32] - [34] ), serotonin [35] and oxytocin ( [36] [37] ) enhanced the inhibitory transmission, possibly contributing to antinociception. On the other hand, the inhibitory transmission was unaffected by opioids ( [17] ), nociceptin ( [19] ) and galanin ( [22] ) while being inhibited by adenosine ( [38] ). The latter action may contribute to nociception rather than antinociception. Depression of inhibitory transmission by cannabinoids has been reported in various CNS regions including the corpus striatum ( [39] ), the hippocampal CA1 ( [40] [41]), the spinal trigeminal pars caudalis SG ( [42] ) and the substantia nigra pars reticulata (SNR; [43] ). However, the effects of cannabinoids on inhibitory transmission in the spinal cord SG have not yet been examined fully. There are no reports about the effects of cannabinoids on glycinergic transmission except for the studies by Jennings et al. [42] and Pernía-Andrade et al. [44] . Although the latter study revealed an inhibition by WIN-2 of GABAergic and glycinergic transmissions, this was performed in superficial dorsal horn neurons of young (1 -3 weeks old) mice. An inhibition of inhibitory transmission by cannabinoids may exhibit a developmental change, as seen in the oxytocin actions in rat SG neurons. Oxytocin enhanced spontaneous GABAergic but not glycinergic inhibitory transmission in young (2 -4 weeks old) rats ( [36] ) whereas facilitating both of the inhibitory transmissions in adult (6 -8 weeks old) rats ( [37] ). The highest concentration of a precursor of an endocannabinoid N-arachidonoylethanolamide (anandamide; ANA) is found in the spinal cord [45] . ANA activates the CB1 receptor more effectively than the CB2 receptor [1] . In the present study, we investigated the effects of ANA on glycinergic and GABAergic inhibitory transmissions in SG neurons of adult rat spinal cord slices by using the whole-cell patchclamp technique. A part of this study has been reported in abstract form [46] .
Materials and Methods
All animal experiments were approved by the Animal Care and Use Committee of Saga University, and were conducted in accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Science of the Physiological Society of Japan. All efforts were made to minimize animal suffering and the number of animals used.
Slice Preparations
Spinal cord slices from adult rats were prepared as described previously [20] [38] [47] . In brief, adult Sprague-Dawley rats (7 -8 weeks old; 250 -300 g) were anesthetized with urethane (1.5 g/kg body weight, i.p.) and a laminectomy was performed to extract a lumbosacral spinal cord segment. The spinal cord was quickly immersed in ice-cold (1˚C -3˚C) Krebs solution (in mM: NaCl 117, KCl 3.6, CaCl 2 1.2, NaH 2 PO 4 1.2, MgCl 2 1.2, NaHCO 3 25 and glucose 11) bubbled with 95% O 2 -5% CO 2 . Rats were killed by exsanguination. A transverse slice (thickness: 500 µm) was cut using a microslicer (DTK-1000, Dousaka, Kyoto, Japan) in oxygenated icecold Krebs solution. The slice was then transferred to the recording chamber (volume: 1.5 ml), and continuously perfused with pre-heated (35˚C ± 1˚C; when measured in the chamber) and oxygenated Krebs solution for at least 1 hr before recordings.
Whole-Cell Voltage-Clamp Recordings and Focal Stimulation
The SG can be identified under a stereomicroscope as a translucent band across the spinal dorsal horn [20] [38] [47] . Spinal cord slices could be maintained for up to 12 hr when they were superfused at a rate of 15 -20 ml/min with pre-oxygenated Krebs solution at 35˚C ± 1˚C. The conventional blind whole-cell patch-clamp technique was applied to the SG neurons. The recorded neurons were located at the center of SG to avoid recordings from laminae I and III neurons. Patch-pipettes were filled with solution (in mM): Cs 2 SO 4 110, CaCl 2 0.5, MgCl 2 2, EGTA 5, HEPES 5, Mg-ATP 5 and tetraethylammonium (TEA)-Cl 5; and had a resistance of 10 -15 MΩ. After making a rigid seal (resistance: 5 -20 GΩ) in the cell-attached mode by a gentle suction into the patchpipette, the membrane patch was ruptured by a brief period of more powerful suction, resulting in the whole-cell configuration. Only neurons having resting membrane potentials more negative than -55 mV in the current-clamp mode were voltage-clamped and then holding potential (V H ) was shifted to 0 mV used to record IPSCs, as reported previously [17] [38] . K + -channel blockers (Cs + and TEA) were added to the patch-pipette solution to easily perform the shift of V H and also to shorten the electrotonic length of the dendrites. The recordings of IPSCs started several minutes after the whole-cell mode. Recordings from single neurons under this condition were stable for up to 1 hr.
Electrically-evoked inhibitory postsynaptic currents (IPSCs) were triggered at 0.1 or 0.2 Hz by stimulating SG neurons (somata and axons) with rectangular pulses (duration: 0.1 ms) using an extracellular monopolar silver-wire electrode (50 µm in diameter; isolated except for the tip) located within 150 μm of the recorded neurons; the stimulus intensity was monitored with a digitized output isolator. The amplitude of the evoked IPSC (eIPSC) in response to electrical stimulation varied among the stimuli, possibly because of a fluctuation of the number of quanta released from nerve terminals [see [42] for a similar variation in eIPSC amplitudes]. Pairedpulse stimulation with a short-time interval (15 -50 ms) was also used to obtain eIPSCs. All signals were amplified by an Axopatch 200B amplifier (Axon Instruments, Foster City, CA, USA), digitized at 333 or 500 kHz with an A/D converter (Digidata 1200A or 1322; Axon Instruments) and stored on a computer using the pCLAMP 6 or 8 data acquisition program (Axon Instruments).
Data Analysis
The signals were analyzed off-line using an Axograph 4.0 (Axon Instruments). In estimating quantitatively the effects of drugs on evoked transmission at a time, many but not more than six of eIPSC amplitudes were averaged if the amplitudes varied to a large extent in response to individual stimuli. Spontaneous IPSCs (sIPSCs) were automatically analyzed with a variable amplitude template and visually examined to find out whether erroneous sIPSC events were detected; if so, the template was changed and the analysis was repeated. This process was repeated until erroneous sIPSC events were not detected. The frequency and amplitude of sIPSC was calculated from sIPSC events measured for at least 1 min. Data were shown as mean ± S.E.M., and statistical significance was set at P < 0.05 using a paired Student's t-test (unless otherwise mentioned) or a KolmogorovSmirnov test. In all cases n refers to the number of neurons studied.
Application of Drugs
All drugs were applied by switching the perfusion solution to one containing the drug at a known concentration using a three-way tap. The perfusion rate or temperature was not altered during the drug application. Drug-containing solutions reached to the recording chamber within 10 s. Drugs used were ANA, R(+)-WIN-2 mesylate (Research Biochemicals International, Natick, MA, USA); 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) from Tocris Cookson (Bristol, UK); (-)-bicuculline methiodide and strychnine from Sigma (St. Louis, MO, USA); tetrodotoxin (TTX) from Wako (Osaka, Japan); and SR141716A from the NIMH's Chemical Synthesis and Drug Supply Program. All drugs except TTX, bicuculline and strychnine (where distilled water was used as a solvent) were first dissolved in dimethyl sulfoxide (DMSO) at 1000 times the concentration to be used, and then diluted to the desired concentration in Krebs solution immediately before use. DMSO itself at the highest concentration (0.1%) used in the present study did not significantly affect glycinergic and GABAergic eIPSC amplitudes [92% ± 6% (n = 3; P > 0.05) and 97%, 112%, respectively, of control around 2 min after the superfusion of DMSO for 2 min].
Results
All SG neurons tested exhibited glutamatergic spontaneous excitatory postsynaptic currents (EPSCs) at a V H of −70 mV where no sIPSCs were observed, since the reversal potential for IPSCs was near −70 mV. On the other hand, when the V H was shifted to 0 mV, sIPSCs could be encountered in all neurons tested, where no spontaneous EPSCs were invisible owing to the reversal potential for EPSCs to be close to 0 mV [38] . Neither the frequency nor the amplitude of sIPSCs was significantly affected following the application of TTX (0.5 μM; data not shown), indicating that the production of the sIPSCs was independent of the spontaneous activities of neurons presynaptic to SG neurons (see [38] ).
ANA Reduces Both Glycinergic and GABAergic eIPSC Amplitudes
Glycinergic and GABAergic eIPSCs were, respectively, evoked in the presence of a GABA A -receptor antagonist bicuculline (10 μM) and a glycine-receptor antagonist strychnine (1 μM) together with a non-NMDA receptor antagonist CNQX (10 μM) which was added to block the activation of glutamatergic interneurons. The glycinergic eIPSCs were shorter in duration by about three-fold than the GABAergic ones, as reported previously [17] [38]. The glycinergic and GABAergic eIPSCs were stable in amplitude for at least 7 min after the beginning of their recordings (Figure 1(A) ).
In 18 (78%) out of 23 neurons examined, ANA (10 μM) superfused for 2 min reduced the amplitude of the glycinergic eIPSC, as seen in Figure 1 (B). This action persisted for more than 6 min after washout. The magnitude of this reduction was measured around 2 min after washout (when a maximal effect of adenosine on eIPSC amplitudes in SG neurons was observed under the same condition as that in the present study; see [38] ), although the time course of a change in eIPSC amplitudes following ANA superfusion varied among neurons tested, probably due to a difference in their position such as depth from the surface of spinal cord slice. The reductive extent was 27% ± 3% (n = 18; P < 0.05). The remaining five neurons did not exhibit a change (>5%) in the amplitude. GABAergic eIPSC amplitudes also were reduced by ANA (10 μM) in a similar manner, as seen in Figure 1(C) . This action was observed in 17 (71%) out of 24 neurons tested with the extent of 42% ± 4% (n = 17; P < 0.05) around 2 min after washout. In the remaining five neurons, two neurons exhibited a small increase in the amplitude (by 17% and 8% around 2 min in the presence of ANA) while three neurons were not affected by ANA. Since some of the neurons tested did not exhibit the inhibitory action of ANA, the effects of ANA at various concentrations on eIPSCs were examined in single neurons. Figures 2(A)-(B) demonstrate, respectively, the effects on glycinergic and GABAergic eIPSCs of ANA which is applied successively at various concentrations ranging from 1 to 10 μM. The ANA-induced reductions in glycinergic and GABAergic eIPSC amplitudes were seen at a low concentration such as 1 μM with extents of 33% ± 7% and 20% ± 4% (each n = 3), respectively, around 2 min after washout. Under the reduction by ANA at a concentration of 5 μM, ANA (10 μM) did not exhibit a further decrease in glycinergic or GABAergic eIPSC amplitudes [103% and 104%; 92% ± 19% (n = 3), respectively, of that just before the ANA (10 μM) application], indicating an occlusion of ANA actions.
The eIPSC Amplitude Reductions Produced by ANA Are Mediated by Cannabinoid Receptors
We first examined whether a cannabinoid-receptor agonist WIN-2 mimicks the depressive action of ANA on evoked inhibitory transmissions. Figures 3(A) -(B) demonstrate the effects of WIN-2 (5 μM) superfused for 2 min on evoked glycinergic and GABAergic transmissions, respectively. In 8 (80%) out of 10 neurons tested, WIN-2 reduced glycinergic eIPSC amplitudes in a manner similar to that of ANA, as seen in Figure 3(A) . When estimated around 2 min after washout of WIN-2 in a manner similar to that for ANA actions, the magnitude of the reduction was 20% ± 4% (n = 8; P < 0.05). The remaining two neurons did not exhibit the reduction. GABAergic eIPSC amplitudes also were reduced by WIN-2 (5 μM) in a manner similar to that for glycinergic eIPSCs, as seen in Figure 3(B) . This action was observed in 13 (68%) out of 19 neurons tested with the extent of 28% ± 4% (n = 13; P < 0.05) around 2 min after washout. In the remaining four neurons, two neurons exhibited a small increase in the amplitude (by 25% and 11% around 2 min in the presence of WIN-2) while other two neurons were not affected by WIN-2. An endogenous agonist of cannabinoid receptors, 2-arachydonoyl glycerol (2-AG; 20 μM; [48] ), the level of which is considerably higher than that of ANA in the spinal cord [49] , also reduced eIPSC amplitudes, as shown in Figure 4 . The magnitudes of the reductions in glycinergic and GABAergic eIPSC amplitudes were, respectively, 32% ± 11% (n = 4; P < 0.05) and 30% ± 5% (n = 4; P < 0.05) around 2 min after washout of 2-AG. We next examined how a CB1-receptor antagonist SR141716A (5 μM) affects the reductions in eIPSC amplitudes by ANA (10 μM). SR141716A by itself did not significantly affect glycinergic and GABAergic eIPSC amplitudes [90% ± 2% (n = 6) and 93% ± 7% (n = 5) of control, respectively, about 2 min after the commencement of its superfusion], and following its washout there was not a further change in the amplitudes, as different from ANA and WIN-2 actions. Since the inhibitory effect of ANA on eIPSCs was not observed in some of the neurons tested, we examined whether the inhibition persisting after washout of ANA is reduced by SR141716A, as done for the inhibitory effect of WIN-2 on evoked inhibitory transmissions in spinal trigeminal SG neurons [42] . In neurons where ANA (10 μM) attenuated glycinergic or GABAergic eIPSC amplitude, the amplitude recovered to the control level by SR141716A (5 μM), as seen in Figure 5 . In neurons which exhibited an amplitude reduction of 46% ± 11% (n = 4; P < 0.05) around 2 min after washout of ANA, glycinergic eIPSC amplitudes recovered to 84% ± 8% of those before ANA application around 2 min after the beginning of SR141716A superfusion. Following SR141716A superfusion for 2 min, GABAergic eIPSC amplitudes recovered to 109% and 99% of those before ANA application which resulted in a reduction in the amplitude (by 57% and 25% around 2 min after washout). 
ANA Increases Paired-Pulse Ratios of eIPSC Amplitudes
To characterize the reductions in eIPSC amplitudes by ANA, we carried out a paired-pulse experiment with a time interval of 15 -50 ms, where the interval used for glycinergic eIPSCs was shorter than that for GABAergic eIPSCs because the former eIPSCs were shorter in duration than the latter ones, as described above. Glycinergic and GABAergic eIPSCs exhibited a paired-pulse depression (PPD) or paired-pulse facilitation (PPF) in a manner dependent on the paired-pulse intervals used, as seen in the most left traces of Figure 6 , although these phenomena were not examined here in detail. When examined in neurons exhibiting the ANA-induced reductions in eIPSC amplitudes, a ratio of the second to first eIPSC amplitude in each case of PPD and PPF was increased by ANA (10 μM). The amplitude ratios in the PPD (0.706) and PPF (1.11; see Figure 6(A) ) of glycinergic eIPSC amplitudes were increased by 21% and 9%, respectively (the first eIPSC amplitude reduction by ANA: 35% and 16%, respectively). The amplitude ratios in the PPD (0.959 and 0.895 [see Figure 6 (B)]) and PPF (1.18) of GABAergic eIPSC amplitudes were increased by 18%, 65% and 22%, respectively (the first eIPSC amplitude reduction by ANA: 56%, 39% and 14%, respectively).
ANA Reduces the Frequency but Not Amplitude of sIPSC
Two kinds of glycinergic and GABAergic sIPSCs could be encountered in SG neurons, as reported previously [17] [38] . ANA (10 μM) superfused for 2 min reduced the frequency of glycinergic sIPSCs which were observed in the presence of bicuculline (10 μM). This action persisted several minutes after washout of ANA, as seen in Figure 7 (A). Figure 7 (A) also demonstrates cumulative distributions of the amplitude and inter-event interval of glycinergic sIPSC in the control and under the action of ANA. A proportion of sIPSCs having a longer inter-event interval was increased by ANA while there was not a change in the cumulative distribution of sIPSC amplitude. In 5 out of 7 neurons examined, when estimated around 1 min after washout of ANA (when its inhibitory action on eIPSCs was apparent; see Figure 1 ), glycinergic sIPSC frequency was on average reduced by 46% ± 5% (n = 5; P < 0.01; control: 2.09 ± 0.27 Hz), whereas the amplitude was unchanged [95% ± 3% (P > 0.05) of control (25.4 ± 4.7 pA)]. Remaining two neurons did not respond to ANA. In the presence of strychnine (1 μM), GABAergic sIPSCs, which were longer by about three-fold in duration than glycinergic ones (compare sIPSC traces in a fast time scale in Figures 7(A)-(B) ; see also [38] ) as seen for the corresponding eIPSCs, could be recorded. As seen for glycinergic sIPSCs, ANA (10 μM) superfused for 2 min reduced GABAergic sIPSC frequency (see Figure 7(B) ). When cumulative distributions of the amplitude and inter-event interval of GABAergic sIPSC were examined as shown in Figure 7(B) , ANA increased a proportion of sIPSCs having a longer inter-event interval while unaffecting the cumulative distribution of sIPSC amplitude. In all of five neurons tested, when estimated around 1 min after washout of ANA, the GABAergic sIPSC frequency was decreased by 35% ± 7% (n = 5; P < 0.05; control: 1.04 ± 0.35 Hz) without a change in the amplitude [93% ± 4% (P > 0.05) of control (19.6 ± 3.6 pA)]. . ANA had no effect on the amplitude distribution (P = 0.26) while shifting the interval distribution to a longer one (P < 0.05; Kolmogorov-Smirnov test). In the right two graphs of (B), are shown cumulative histograms of the amplitude and inter-event interval of GABAergic sIPSC in the control (continuous line) and under the action of ANA (dotted line), where their histograms are made from sIPSCs measured for 1 min (51 and 28 sIPSC events, respectively). ANA had no effect on the amplitude distribution (P = 0.37) while shifting the interval distribution to a longer one (P < 0.05; Kolmogorov-Smirnov test). (A) and (B) were obtained in the presence of bicuculline (10 μM) and strychnine (1 μM), respectively; V H = 0 mV.
Discussion
The present study demonstrated that ANA reduces glycinergic and GABAergic eIPSC amplitudes and sIPSC frequencies in many of the adult rat SG neurons examined. These actions were presynaptic in origin, because glycinergic and GABAergic sIPSC amplitudes were not affected by ANA. This idea is supported by pairedpulse experiments, because ANA increases a ratio of the second to first glycinergic or GABAergic eIPSC amplitude. This increase would not be expected if ANA inhibits a sensitivity of postsynaptic neurons to glycine or GABA and as a result the first and second eIPSC amplitudes are reduced by the same extent.
Depression of Inhibitory Transmission by ANA Is Mediated by CB1 Receptors
The reductions in glycinergic and GABAergic eIPSC amplitudes by ANA were mimicked by the CB1/CB2 receptor agonist WIN-2 and disappeared in the presence of the selective CB1 receptor antagonist SR141716A, indicating an involvement of CB1 receptors. This action of WIN-2 as well as ANA persisted at least 7 min after washout, as seen in the inhibitory action of WIN-2 on GABAergic eIPSCs in the hippocampus [40] . This persistence would be possibly due to a lipophilic nature of the cannabinoids. A similar inhibition by WIN-2 of glycinergic and GABAergic inhibitory transmissions has been reported in superficial dorsal horn neurons in young mice [44] .
Since it is known that ANA activates not only CB1 receptors but also transient receptor potential (TRP) vanilloid-1 (TRPV1) channels [50] and that SR141716A inhibits TRPV1 responses [51] , the ANA-induced inhibition may have been mediated by both CB1 receptors and TRPV1 channels. This is, however, unlikely in the case of ANA (10 μM) actions in the SG, because ANA at a high concentration such as 20 μM enhances glutamatergic spontaneous transmission in a manner sensitive to a non-selective TRP antagonist ruthenium red [52] while ANA at 10 μM does not affect the transmission [24] . TRPV1 channels in the spinal trigeminal SG are activated by ANA at a higher concentration such as 30 μM [53] . Furthermore, a TRPV1 agonist capsaicin has no effect on glycinergic and GABAergic eIPSCs (and also sIPSCs) in SG neurons ( [54] [55] ; for review see [56] ).
Although 2-AG is known to be more potent than ANA in activating CB1 receptors [57] , this fact does not appear to be applied to their depressive effects on inhibitory transmissions in the present study, because the IPSC amplitude reduction produced by 2-AG (20 μM) is comparable in extent to that of ANA (10 μM) . This may be due to the fact that 2-AG is more easily degraded than ANA by their inactivating enzymes such as ANA amidohydrolase (for review see [58] ) in spinal cord slices.
The presynaptic effect of ANA on GABAergic transmission is consistent with the presence of GABA in CB1 receptor-like immunoreactive SG neurons [11] . The fact that the ANA action was seen in some of the SG neurons examined may be consistent with the observation that a part of CB1 receptor-like immunoreactive SG neurons was labeled for GABA [11] or that GABAergic neuron terminals in the SG originate from not only SG interneurons but also other laminae and medullary neurons (for review see [59] ). Even if the descending pathways from the medulla have been disrupted in the slice preparation used in the present study, it is not unlikely that nerve terminals originating from the pathways are intact and thus exhibit the spontaneous and evoked releases of glycine and/or GABA, considering that single neurons isolated using an enzyme-free and mechanical dissociation procedure have adherent functional synaptic terminals (for review see [60] ). Since some of SG inhibitory neuron terminals appeared to express CB1 receptors, neurons not responding to cannabinoids were excluded from the statistical analysis of the reductions in eIPSC amplitude and sIPSC frequency by cannabinoids.
Presynaptic inhibition of GABAergic transmission by CB1 receptor activation similar to that in the spinal cord SG has been reported in the corpus striatum [39] , the hippocampal CA1 [40] [41], the spinal trigeminal SG [42] and the SNR [43] . Jennings et al. [42] have demonstrated CB1 receptor-mediated presynaptic inhibition of glycinergic transmission in the spinal trigeminal SG. Although the superfusion time (2 min) of cannabinoids used in the present study was shorter than those (10 -20 min) in previous studies and thus the result obtained may not have been in a steady state, the GABAergic eIPSC amplitude reduction produced by WIN-2 was almost similar in extent among different types of neurons [spinal cord SG: 28% at 5 μM (present study); hippocampal CA1: 47% at 5 μM ( [40] ); spinal trigeminal SG: 35% at 3 μM ( [42] ); SNR: 43% at 10 μM ( [43] )]. This may be due to the fact that the superfusion rate (15 -20 ml/min) used in our study is much larger than those (1 -2 ml/min) in other studies.
Although a cellular mechanism for the ANA action is not examined here, this would be due to an inhibition of voltage-gated Ca 2+ channels present in nerve terminals, because WIN-2 inhibits Ca 2+ -channel currents in AtT20 cells transfected with CB1 receptors [61] and in cultured rat hippocampal neurons [62] . Liang et al. [25] have demonstrated a presynaptic inhibition by WIN-2 of glutamatergic transmission in a manner sensitive to N-type Ca 2+ -channel blockers. This idea about the involvement of Ca 2+ channels could be applied to the reductions in not only eIPSC amplitude but also sIPSC frequency, because sIPSC frequency in SG neurons is decreased in Ca 2+ -free Krebs solution and thus presynaptic Ca 2+ channels are partially open at the resting state, resulting in a tonic Ca 2+ entry in nerve terminals [38] . It is of interest to note that there is a similarity in cannabinoids-induced inhibition between glycinergic and GABAergic transmissions. This result might be due to the fact that these two kinds of synapses are controlled under a similar release machinery. Spinal dorsal horn, especially SG, neurons contain both glycine and GABA, which might be co-released into the dorsal horn [26] . Similar inhibitions by WIN-2 between glycinergic and GABAergic transmissions have been reported in the rodent spinal cord and trigeminal SG [42] [44] . No difference in presynaptic modulation between glycinergic and GABAergic transmissions is also seen in the action of adenosine in the rat spinal cord SG [38] . On the other hand, the glycinergic and GABAergic transmissions in the SG neurons are affected by a phospholipase A 2 activator melittin in a manner different from each other [34] [63] . Thus, it seems to be unlikely that the glycinergic and GABAergic transmissions in SG neurons are always modulated in a similar manner.
Physiological Significance of the Depressive Effects of Cannabinoids on Inhibitory Transmissions in SG Neurons
The depressive effects of cannabinoids on inhibitory transmissions are expected to lead to an increase in the excitability of SG neurons, a result different from those of other endogenous analgesics in such that the inhibitory transmissions are facilitated by noradrenaline [31] , acetylcholine ([32] - [34] ), serotonin ( [35] ) and oxytocin ( [36] [37]) and is not affected by opioids ( [17] ), nociceptin ( [19] ) and galanin ( [22] ) in adult rat SG neurons. On the other hand, adenosine exhibits a disinhibitory effect similar to that of cannabinoids. A part of antinociception produced by intrathecally-administered cannabinoids has been reported to be due to the release of endogenous analgesics such as noradrenaline [5] and opioids ( [64] ; for review see [1] ). The cannabinoid-induced disinhibition may result in the release of the endogenous analgesics which inhibit excitatory transmission in SG neurons. Alternatively, the presynaptic depression of inhibitory transmission as revealed in the present study may lead to the reduction in background noise as a result of a decrease in opening of glycine and GABA A receptor-channels which in turn could increase input resistance and thus make SG neurons electrically compact, contributing to the modulation of nociceptive transmission, as suggested for the disinhibitory action of adenosine [38] . As different from the above-mentioned idea that the depressions of inhibitory transmissions by cannabinoids are involved in antinociception, Pernía-Andrade et al. [44] have proposed the idea that such depressions mediate primary-afferent C-fiber induced pain sensitization.
The spinal cord contains a high level of ANA and 2-AG ( [45] [49]). Wallmichrath and Szabo [43] have reported a continuous inhibition of GABAergic transmission by endocannabinoids in the SNR. Therefore, inhibitory transmissions in SG neurons may have been tonically depressed by the endocannabinoids. However, this is not the case in the present study, because SR141716A alone does not affect glycinergic and GABAergic eIPSC amplitudes in SG neurons.
With respect to the origin of endocannabinoids, ANA and 2-AG appear to be released from neurons as a result of an increase in neuronal activities including the activation of voltage-gated Ca 2+ channels and of metabotropic glutamate receptors, probably through a hydrolysis of phospholipid precursors from membrane phosphoglycerides. The endocannabinoids may mediate signals from postsynaptic neurons to presynaptic terminals in a retrograde manner, resulting in the reduction in the release of glycine and/or GABA, as shown in the hippocampus ( [41] ; for review see [65] [66] ). It remains to be examined what kinds of neuronal activity induce the endocannabinoid-mediated modulation of inhibitory transmission in the SG. Since Hashimotodani et al. [67] have demonstrated that neuronal proteinase-activated receptor 1 (PAR-1) drives synaptic retrograde signaling of an eIPSC inhibition mediated by 2-AG in cultured rat hippocampal neurons, PAR-1 activation in postsynaptic neurons may be one candidate for retrograde one in the SG. It remains to be examined how PAR-1 activation affects inhibitory transmissions in SG neurons, although this activation facilitates glutamatergic spontaneous excitatory transmission in SG neurons [47] .
Conclusion
The present study demonstrated that ANA depressed glycinergic and GABAeregic transmissions in adult rat SG neurons by activating CB1 receptors in nerve terminals. This depression could contribute to the modulation of nociceptive transmission by ANA together with its inhibitory action on excitatory transmission as reported previously [23] [24] .
